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® The application oF electricity from an A-C. eupply 
(A. B, C) to em induction motor (1 0} Is regulated by a 
nnotor controller (20) and Its thyrlstor switch module 
(14). The motor controllar (20) Includes a microcom- 
puter (21), eupply voltage zero oroaeing deteotore 
(22, 23, 24} and motor back emf voltage compara* 
tore (25, 29). A computer program which Is stored In 
a memory of the microcomputer (21) contains a 
routine for reducing the epeed of the motor (10) and 
for slowing the motor to a atop. The epeed of the 
motor (10) Is reduced by initially using dynamic 
electrical braking to slow the motor to a apaad at 
which It will not remain eynchronlzed to the A,C. 
supply frequency. At this point, A.C. cycle skipping 
Is employed to apply current to the motor (10) at an 
effective frequency which Is a fundamental frequen- 
cy component of the A.O. eupply line frequency. The 
motor (10) becomes synchronteed to thie fundamen- 
tal frequency component If desired, ihe motor can 
be brought to a complete eiop by discontinuing the 
cycle skipping and uaing the dynamic braking again 
for a given period of time. Thia technique provides a 
very controlled stopping of the motor (10) enabling 
equipment driven by the motor to be accurately 
positioned. 
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ELECTRIC MOTOR SPiiD CONTROL APPARATUd AND METHOD 



Background of the inventfon 



The present Invention relstfis to techniques for 
changing the speed ot an electric motor, such ae 
bringing the motor to a gradual controlled stop: and 
particularly to such techniques and the epparetue 
for practicing lhenf\ which employ a comfafnation of 
dynemic braking and "cycle-skipping" speed con- 
trol. 

When an electric motor drives components of 
automated manufacluring equipment, the motor of- 
ten must be precisely controlled to accurately posl" 
tlon a woricpiece with respect to other componente 
of the manufacturing equipment For example, an 
assembly line may transfer a workpfece from one 
work station to another using a conveyor belt or 
aimllar apparatus. As the workplece nears the next 
station, the motor must be stopped so that the 
assembly line positions the worlqsleae aoourately 
with respect to the next work station. 

in order to achieve maximum operating ' effl- 
elency of the assembly line, it Is desirable to trans- 
fer the workpleces as fast as possible between the 
different work stations. However, the higher the 
motor speed, the greaier the Inaccuracy In stop- 
ping the motor to position the workplece at the next 
station. Therefore, the designer of an assembly line 
control system is left with a trade-off between a 
high workplece transfer rate with a relatively low 
positioning aocuracy and increasing the positioning 
accuracy by slowing the workplece transfer rate. 

Various types of motor braking techniques 
have been employed to rapidly stop an electric 
motor in a manner which provides some degree of 
control over that operation. An example of such a 
device Is disclosed In U.S. patent Application Serial 
No. 07/103,729 entitled Apparatus and Method for 
Braking en Electric Motor" and assigned to the 
same assignee as the present Invention. This type 
of dynamic braking applied pulses of the alternat- 
ing current from a motor supply through the motor 
windings at selected points In time to produce an 
electromagnetic force that opposed the electro- 
magnetic force due to the magnetism of the mo- 
tor's rotor. The opposing megnetio fieida generated 
a negative torque wfthln the motor which slowed Its 
speed. 

Although such forms of dynamic braking pro- 
vided a greater degree of conM over the posltJon<* 
Ing of workpleces than was achieved by merely 
allowing the motor to coast to a stopi a certain 
degree of inaccuracy still existed when the wofk- 
plecse were being trensferred at a relatively high 
speed. Depending upon the tolerances required for 



the processing along the assembly line, even when 
dynamic braking was employed, an unacceptably 
large positioning tolerance could exist, in addllloni 
dynamic braking alone may not provide as amooth 

8 a slowing of the motor as Is required. 

Assembly lines typically use AC Induction mo- 
tors in which the speed of operation Is synchro^ 
nized to the frequency (50 or 60 Hz.) of the al- 
ternating current supplied to the motor. Merely 

10 controlling the voltage or cunrent applied to the 
motor does not provide an effective way to alter Its 
speed, since the speed Is dependent upon the 
frequency of the alternating cun'ent which remains 
ccnetant despite fluctuations In the voltage until the 

IB motor stalls. In order to control the speed of an 
induction motor, various techniques for changing 
the frequency of Hie current applied to the motor 
have been devised. Many of the these techniques 
Involve relatively complex electronic control circuits 

£9 for converting the standard alternating current sup- 
ply frequency Into different frequencies for control- 
ling the speed of the motor. 

A technique commonly referred to as "Cycle* 
Skipping" was de'velopedi as an alternative to the 

as relatively elaborate and expensive AC. frequency 
conversion apparatus, in this technique, thyrlstors 
couple the source of alternating current to the 
motor and. are switched at proper points In time to 
generate a fundamental frequency component of 

so the alternating supply currant. An example of this 
cycle-skipping method Is disclosed In \J.Q> Patent 
N04 4,176,306 entitled ""Speed Control Apparatus." 
The technique described in this patent triggers the 
thyrlstor tor a phase line of the alternating current 

3S supply during eeveral consecutive positive hal^ 
cycles of the A.C. voltage for that supply linOi and 
then It is not triggered for one or more cycles of 
the supply voltage. Next, the thyrlstor Is triggered 
during several consecutive negative half-cyqies of 

40 the supply line voltage. This pattern repeats with a 
pause of one or more cycles between each pattern. 
The thyristora for the other two phase lines In a 
three-phase circuit are firod In the same pattern, 
but 120 degrees out of phase. The pattern applies 

AB current to the motor having an effective frequency 
which Is a fraction of the A.C. supply frequency. 
The motor synchronizes to this lower frequency 
and runs at a slower speed. 

However, merely changing the thyrlstor firing 

so from occurring ©very cycle to a cycle-skipping pat- 
tern by Itself was InsuffZciant to produce a raduc- 
tlcn In the spaed of the Induction motor, since the 
waveform of the current produced by the oycle- 
sklppfng still has a oomponent of the original sup- 
ply rrequenoy (60 or 60 Hz.). Therefore, In order to 
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break the motor out of synchronism wfth the A,C. 
supply frequency, the motor control circuit pro* 
vlded a switch mechanism, such as a oontactor to 
reverse the connections of the three-phase A,C, 
supply imes TO the motor. The contaotor meoha- 
nism had to be switched to alter the supply line 
oonnectlone to the motor according to the mode at 
which the thyrletors were being controlled. 



Summary of tha invantiori 



A system for controlling the speed of en Induc- 
tion electric motor is Improved by Incorporating a 
mechanism for reducing the speed of the motor 
without the need of an additional ewttch device to 
reverse the connectione of the motor to en A.C. 
power source. 

When speed reduction Is desired, the controller 
initially Bntare a dynamic braldng mode. In this 
phase of operation, pulses of alectrlcfty from the 
power source are applied to the motor at timea 
which will produce a negative torque. These times 
are determined by oomparing the polarities of the 
source voltage and the voltage induced In a wind- 
ing of the motor by a back electromotive force 
(emf). The braking electricity Is applied when theae 
voltage polarities are oppoalngi 

As the motor begins to slow, the elsctricliy Is 
applied more frequently. When (he braking elec- 
tricity Is applied at least every given number of 
cycles ot the alternating source voltage, the dy- 
namic braking Is dtscontlnUQd and an A.C, cycle 
skipping mode Is entered. In this phase» current Is 
sent through each motor- winding in a specific pat- 
tern to apply the electricity at an effective fre- 
quency which Is a fundamental component of the 
A.Ci source frequency. This mode can be entered 
only after the dynamic braking has slowed the 
speed to the point where the motor will not remain 
synchronized to the A.C, source frequency. This 
speed is determined from the Interval t>etW6en the 
dynamic braking mode current pulses. 

If continued operation at this lower speed is 
desired, the cycle skipping mode continues indefi- 
nitely. However, one use of tha present technique 
la to reduce the speed of the motor prior to bring- 
ing It to a oompiete stop, This pre-reductlon in 
speed allows greater control over the stopping pro- 
cess to more accurately position equipment driven 
by the motor. 

In this application of the present technique, the 
motor will become synchronized to the fundamen- 
tal component frequency produced by the A,C. 
cycle skipping. Thereafter, when the driven equip- 
ment is close to the desired position, a sensor 
triggers the motor oontroiler to enter a second 
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dynamic braking mode* in this phase, the motor is 
brought to a stop by applying current from the 
power source during every conaecutlve positive or 
negative half-cycle of the altematJng source vol^ 
6 age. This final phase continues for a given Interval 
or until the motor stoppage is detected by some 
mearta. 

An object of the present invention la to provide 
a mechanism whioh allows motor speed reduction 
10 using cycle skipping without having to use addi- 
tional switches In the motor circuit. 

Another object Is to incorporate dynamic brak- 
ing to slow the motor to a spaed where It will not 
remain synchronized to the frequency of an A.C. 
18 source when the cycle skipping la applied. 

A further object Is to provide a means for 
bringing the motor to a full stop in a manner In 
which accurately positions eoulpment driven by the 
motor. 

so 

Brief Deecrlptlon of tha Drawinga 



£S FIGURE 1 Is a schematic diagram illustrating an 
electric motor and a motor controller for practic- 
ing the present Invention; 
FIGURE 2 la a graph of the motor speed versus 

time; 

so FIGURE 3 la a conceptual Illustration of the 
voitege wevefbrm for one phase of the AC pow-- 
er to the motor, and waveforms of tha current 
applied to brake the motor at three speeds as 
the motor slows; 

Q$ FIGURES 4A. 4B and AO form a flowchart of the 
program for the motor controller to perform the 
speed reductions 

RQURE 6 te a current phase diagram Illustrating 
the timing relationship at which the SCR'e are 
tfO triggered; and 

FIGURE e Is an illustration of the electric cun^nt 
waveforms for each AG phase line which la 
coupled to the motor. 

46 Datallad Qaacriptlon of the invention 



With initial reference to Figure 1, a three-phase 
electric motor 10 has three stator windings 11, 12 

60 and 13. The application of electricity to the motor 
10 is regulated by a motor controller 20 and Its 
thyrlslor switch module 14. The switch modulo 14 
Includes three pairs of SCR*s 16. 17, and id with 
the SCR's in each pair connected In an inverse- 

S8 parallel relatronshlp. Each SCR pair couples one of 
the stator windings 11. 12 or 13 to a supply line A, 
or C from a source of three-phase alternating 
electricity. The voltage across each pair combi'na- 
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tlon of the dupply lines has a frequency of EQ or 60 
Hz. 

Tho SCR pairs 18-18 are triggered, or ffred, by 
Q control circuit that Includes a microcomputer 21, 
three zero crossing detectors 22, 2a, and 24. end 
two vottege oomperetors 25 end 29. The micro- 
computer 21 may be a 6801 type sold by Hitachi 
America, Ltd.. which contains a mlcropriooessor, 
timer circuits, a read only memory, and a random 
access memory In the same Integrated circuit 
package, A computer program which defines the 
operation of the motor controller 20 (a atorad In the 
computer's road only memory. This program Is 
similar to those used with oonventional program^ 
mabia motor controllers Insofar ss the functions of 
starting and operating the motor 10 at a normal 
running apsed. As will be explained in detail, the 
program contains a novel routine for reducing the 
speed of the motor 10 and for slowing the motor to 
Bstop. 

The microcomputer 21 generatea properly 
timed ihyrletor Krlggar signals on three lines 281 27, 
and S8 of a parallel output port The first output line 
26 Is coupled by a first conventional isolation trans- 
former 31 to the gats terminals of the first pair of 
SCR'a 16 for electricity supply line A. The other 
trigger signal output lines 27 and 26 are coupled 
by similar isolation transformers 32 and 33 to the 
gats terminals of the second and third SCR pairs 
17 and 16. reepectlveiy, for slactriclty supply lines 
B and C* 

Three terminals 41, 42, and 43 couple the 
slator windings 11,12 and 13 to the motor control- 
ler 20. Three equal value realdtors 34*36 are coup- 
led to theee terminals 41-49 In ar connection with 
the common node 37 of the Y connected to the 
ground controller circuit. The voitBga across each 
resistor 34. 35, and 36 equals the voltage Ve, Vb, 
and Vc acnssa the three staler windings 11, 12; end 
13, naspectlvsly. The potential at the common node 
37 of the Y resistor connection Is the same as the 
neutral node 16 of the motor windlnge, which Is 
substantially equal to the neutral potential of the 
A.a supply. 

The first voltage comparator 25 senses the 
voltage Vc across tfie third stator winding 13. Spe* 
clf1calty« the non-lnvertlng Input of voltage com- 
parator 25 is »uplBd to the third stator winding 
terminal 43 by a voitege divider 30 which reduces 
the stator winding voltage to a level compatible 
with the comparator. The Inverting Input of voltage 
comparator 25 is connected to the circuit ground. 
Voltage comparator 25 Is employed to produce an 
output which Indlcstea the polarity of the baclc emf 
voltage across the third motor winding 13. i.e., 
whether tha voltage la above or below the neutral 
potential, as will be described. The output of the 
first comparator 26 Is connected to a parallel input 



port line of the microcomputer 21. 

The second voltage comparator 28 Is coupled 
by voltage divider 38 to the first terminal 41 to 
similarly sense the polarity of the voltage Va across 

6 the first stator winding 11, The output of the asc* 
ond voltage comparator Is connected to snother 
line of the microcomputer parallel input port to 
provide an indication of the back emf voltage 
across the first stator winding, as will be described. 

10 The A, B, end 0 supply lines are coupled by 
separate resistors 45. 46] and 47 to the Inputs of 
the three zero crossing detectors 22. 23, and S4. 
Three additional resistors 48, 49 end 50 couple the 
Inputs of the zero crossing detectors to the control^ 

13 ler circuit ground, thereby forming voltage dividers 
with resistors 4S-47. The first zero crossing detec- 
tor 22 Is connected to resistors 46 and 46 to senee 
when the voltage Vab across supply lines A and B 
goes through zero. Similarly the second zero 

&Q crossing detector 23 Is connected to the resistors 
46 and 47 to sense zero excursions of the voltage 
Vbo across supply lines B and C, while the third 
dateciar 24 senses aero crossings of the voltage 
Vac across supply lines A and a Each of the zero 

26 crossing detectors 22-24 has two outputs coupled 
to the microcomputer 21, One of tiisse outputs 
indicates a negative to positive transition of the 
associated voltage and the other output Indicates a 
positive to negative transition. 

so Additional Input port tinea of the microcomputer 
21 are connected to a manual pushbutton switch 
62 and to two limit switches S3 and 54, These Input 
port lines are also coupled by a three pull-up 
reeistors 56-58 to the poaitlva voltage supply for 

S6 the motor controller 20. Activation of one of these 
switches 62^4 pulls the corresponding microcom- 
puter Input line to ground* The pushbutton switch 
62 is activated by an opsraitor to start the motor 10 
and generates a signal designated START which 

40 results In the microcomputer 21 executing a con- 
ventional software routine for starting and control- 
ling the normal running of tho motor 1Q. The two 
limit switches 53 and 64 are positioned on an 
assembly linsi for axample, to denser when a work^ 

ds piece Is at gh/en location along the line and to 
control the motor bral<lng function, as will be da- 
sorfbsd. 

Figure 2 graphically depicts the speed of the 
motor and of equipment being driven by the motor, 

so such as an assembly lino conveyor. Initially, prior 
to time To. the motor Is operating at full speed. In 
this mode of operation, the S0R*6 16-18 of the 
motor controller are conductive for the entire halN 
cycle of the corresponding AO supply voltages 

8s during which they are fonward-blassd^ At time To, 
the first limit switch 53 on the asasmbly line Is 
closed by a workplece moving past the position at 
which the limit switch is located. The. mlcrooom- 
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putOT 21 responds to the closure of the flrat limit 
switch by commenoing dynamic braking of the 
electric motor. 

The dynannlc braking technique Involves apply 
fng current puleee to the motor 10 at epecIRc times 
to generate an electromagnatic field whtoh pro- 
duce? 8 negative motor torque thereby slowing the 
motor's rotor. It has been determined that ^Is can 
be achieved by applying the electricity when the 
polarity of Its Inetanteneous voRage la oppoafte to 
the polarity of the back eleotromotlve force (emf) 
Induced voltage in the motor (I.e. one of these 
voltages Is positive and the other Is negative with 
respect to the supply's neutral potential). The back 
emf results from the magnetism of the rotor and 
the rotating magnetic field produced by that mag- 
netism as the rotor slows. As used hen8ln» the 
lerma "back emf voltage" and "back emf Induced 
voltage" refer to the voltage Induced In a winding 
of the motor by this rotating magnetic field at 
periods when electricity from the supply Iin9a Is not 
being applied to the motor. 

Speclflcaliyj referring to Figure 1 . the baok emf 
Induced voltage Vo across the third etator coll 13 la 
sensed by the first voltage comparator 25. The 
output of voltage comparator represents the polar- 
ity of the sensed back emf Induced voltage. The 
polarity of the alternating supply voltage Vab 
across lines A and B la Indicated by the output Una 
of the AB zero crossing detector 22 which Is active. 
After each zero voltage crossing of the eupply 
voltage Vab, the microcomputer 21 examines the 
polarity of the two sensed voltage samples. If the 
polarities are opposite (l-a* one Is positive and the 
other negative with respect to circuit ground)i the 
pairs of SCR*s 16 and 17 for the A and B supply 
lines are triggered by a short pulse applied to their 
gate electrodes after a fixed delay from the occur- 
renoe of the zero crossing. The delay can be set to 
any Interval up to almost one half the period of the 
alternating supply voltage. The shorter the delay 
the more current Is applied to the motor 10 and 
the, greater the braking effect Onca triggered, the 
pairs of 8CWs 16 and 17 apply current to the 
motor until the alternating supply current lab 
passes through zero amperes, at which point the 
SCR's automatically turn off until triggered again 
by the microcomputer 21. 

As the motor 10 slows down, the phase rela- 
tionship between the back emf voltage Vc and the 
supply line voltage Vab changes. As a rdsult< the 
pairs of BCR's 16 and 17 are triggered more and 
more frequently tiiereby Increasing the braking of* 
fort. Waveforms I and II of Figure 3 conceptually 
illustrate the current lab that flows through the first 
and second atator windings 11 and 12 at two 
progressively slower speeds during the braking. In 
waveform I. the first and second pairs of 8CR*s 19 



and 17 are triggered only during an occasional 
positive hall^cycle of the supply line voltage Vab. 
As the motor slows, the triggering occurs more 
frequentiyi as shown by waveform IK Additional 

6 SCR current patterns occur between those Illus- 
trated In Figure a. 

The dynamic braking continues until time Ti 
on FiguTB 2. at which point the motor speed hae 
slowed to approximately eighty percent of the 

TO speed prior to time To. This speed Is Indicated by 
tfie SCR's beir^ triggered at a certain Interval (e^. 
every five cycles of the A.C. supply voltage, see 
waveform II of Rgure 3). At this speed. A.C, cycle- 
skipping may bs commenced without the risk of 

16 the motor 10 remaining synchronized to the fre* 
quency of the A.C. supply voltaga. At time Ti< the 
dynamic braking terminates and the controller be- 
gins AC cycle-aklpping to reduce the speed of the 
motor further. This reduction continues until time 

20 Tg, at which point the motor becomes synchro- 
nized to the hindamental frequency componank of 
the current produced by the cycle-skipping and 
thereafter operates at a constant speed determined 
by that fiindamental frequency. 

2S At time Ta. the workplace closes the second 
limit switch 64. sending an active signal LS2 to the 
microcomputer 21. This causes the controller to 
cease the cycle skipping mode and commence a 
second phase of dynamic braking In which pulses 

so of ^e A.C. supply current are applied to windings 
of the motor 10 during each cycle. After a brief 
Interval, the motor IC is brought to a ocmpiste stop 
at time T». 

As can t>s seen from the graph of Rgure 2, the 
35 present stopping technique initially reduces the 
spaed of the motor to a relatively stow speed from 
full speed operation, When the position of an object 
of an assembly line Is doss to Its desired final 
position, a second limit switch causee a further 
40 reduction of the motor speed to zero. By using a 
combination of dynamic motor braking to break the 
motor out of synchronism with the supply line 
frequency and A.C, cycle-skipping to reduce the 
motor to a relatively low speed, the motor Is 
4B slowed to a speed from which a very accurate final 
stoppage can occur to accurately position the wor» 
kplece. 

This speed reduction and stoppage of the elec- 
tric motor is oanrled out by the motor controller 20 

60 executing a speed reduction software routine de- 
picted by the flowchart In Figures 4A-C. At time To 
when the first limit switch 53 cloees, the microcom- 
puter 21 calls the motor spaed reduction routine 
and commencoe executing step 70. At this Juno- 

86 ture. the microcomputer inlUailKee the Interval vari- 
ables and counters which will be used in executing 
the routine. Then, at step 72, the inputs from the 
AB zero crossing detector 22 are examined to 
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determlnd If the voitao® Vab scroas supply lines A 
and G has made a zsru crossing. If e zero crossing 
ha$ not occunred, the program execution loops 
continuously through step 72. Evenftjally, a zero 
voltage crossing will be deteotedr causing a flag to 
be est within the microcomputer memory, Indicate 
Ing whether the zero crossing Is rising or falling, 
that Is whether the voltsge Vab Is now negative or 
positive. The program execution then advances to 
step 74. 

At step 74, the microcomputer 21 welts for a 
given amount of time, which provides a conven- 
tional phase angle delay before triggering the ap* 
proprlete SCR's within the awttch module 14. In 
determining the triggering time, a delay Interval Is 
added to the present vaJue of the miorocompuier'e 
timer. The program execution holds at step 74 until 
it is time to ^3re the SCR's, at which point the value 
of the microcomputer's timer will squal the value of 
the addition. 

At this point the microcomputer samples the 
polarity of the back emf voltage Vc across the third 
winding 13 of the motor 10, The sampling is ac- 
complished by sensing the output of the voltags 
osmparBtor 26 and storing the output In a memory 
location within the microcomputer 21 at step 76. 
Then, the polarity of the sampled back emf voltage 
Is compared to the polarity of the supply tine 
voltage Vab at step 78. If the two voltage polarities 
are the samei I.e. they are both either positive or 
negative as compared to the potentisi at the mo« 
tor's neutral nods 15, the progrann execution 
branches to step 79 where the microcomputer In- 
cremanta the contents of a counter address In Its 
memory. This address location stores a count of 
the half-cycles of the supply line voltage, which 
occur between firings of ths SGR's during -the 
dynamic braking mode. The program execution 
tiisn re^rns to step 72 to await another 2ero cross- 
ing of voltage Vab. 

When the polarity of ti^e supply line voltege 
Vab and the polarity of the back emf voltage 
across the third winding 13 are opposite In polarity, 
the SCR's 16 and 17 are triggered to apply a 
currsnt lab through motor windings 11 and 12 to 
produce a negative torque. When this occurs, the 
program execution advances to step 80 where the 
microcomputer 21 examines the contents of the 
halt-cycle counter to determine If the counter has a 
value which is less than 11. During the initial phase 
of the motor speed reduction (between times To 
and Ti) the counter's value when examined at step 
80 will always be greater than 11. This causes the 
program execution to advance to atsp 82 where the 
half^cycle counter Is reset to zero. Then, at step 
84, the microcomputer generates output signals on 
lines 28 end 27 to trigger SCR pairs 18 and 1 7 for 
supply lines A and B< This triggering of the SCR's 



produces , a current lab within windings 11 and 12 
of the motor which generates a magnetic field that 
Is opposed to the magnetic field from the rotor of 
motor 10. The opposing magnetic fields produce a 

B reduction in the speed of the motor. 

As illustrated In the waveforms of Figure 3» 
during this Initial phase of the motor speed reduc- 
tlon. the current applied by the triggering of the 
SCR pairs 18 and 17 will produce cun^nt pulses, 

10 as Indicated In waveform 1, for example. At thie 
Juncture, the cun-ent pulses occur at Intervals that 
are longer than five oyclee of the supply line volt- 
age Vab, As a result the value of the half-cycle 
counter juet prior to SCR triggering will be eleven 

IB or more. As the motor speed slows, the Interval 
between whsn the A.O. supply line voltage is op-^ 
poslte to the polarity of the back emf voltage will 
decrease, resulting In a shortening of the period 
between triggering the SOR's. Eventually, the 

20 SCR^a will be triggered every five cycles or less of 
the supply line voltage Vab as Illustrated In 
waveform II of Figure 3, This occurs at time Ti 
Illustrated on the graph of Figure 2 at a point when 
the motor speed has reduced to approximately 

3s eighty percent of its full speed prior to time To. 
Therefore; el time J\, the half-cycle counter will 
have a value less then eleven whan It Is examined 
at step 80 of the motor reduction routine Illustrated 
on Rgure 4A. At this point the program execution 

30 branches from step 80 to step 8S on Figure 46. 

When the program branches at time Ti, It 
enters a mode of operation in which the dynamic 
brsking ceases, and the motor Is further reduced In 
spaed by AC cycle-skipping. In this mode, each 

3S pair of SCR's 18-18 Is aelactlvely triggered In a 
pattern which effectively applies electricity to the 
motor at a fundamental component frequency 
equal to one-seventh the supply line frequency. 
Exemplary patterns of this triggering are shown in 

ao Figure e. With respect to waveform A, the first pair 
of SOR'e ie Is Inldally triggered to produce two 
consecutive positive current pulses 81 and 82 In 
supply line A. Following pulse 82| the first pair of 
SOR's 18 Is not triggered at all during the next full 

4IB cycle of the electricity from the A supply line. After 
this hiatus In triggering, the first pair of SOR's 16 is 
triggered to produce two oonseetitlve negative cur- 
rant pulses 83 and 84 In the A supply line. Follow- 
ing pulse 84 another one cycle hiatus occurs In 

60 triggering the first SCR pair 18, Thereafter, this 
pattern repeats as long as the controller Is in the 
cycle skipping mode. The other two SCR pairs 17 
and 18 for supply lines B and C are triggered In 
Identical patterns, but 120 electrical degress out of 

5S phase, as graphically illustrated In Figure 8- 

Aa noted by comparing ths three wavefcmia In 
Rgure 8, when the current pulse 81 occurs in the 
first motor winding 11, a negative oun^ent 65 occurs 
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tn the second motor winding 12, as Indicated be- 
neath waveforms by the designation A H . Than 
when the current pulse 62 occurs In the first motor 
winding 1i, a negative current 65 occure in the 
third motor winding 13, as Indicated beneath 
waveforms by the designation A C . The pattern of 
cun^m pulses rn the three motor windings com- 
prise six Intervals In whioh different combinations of 
two SCH pairs are triggered to send current 
through the motor. Each of these six Intervale Is 
420 eisctrlcal degrees in duration. 

Another graphical representation of the trigger- 
ing pattern to produce the one-seventh fundamen- 
tal frequency component Is provided by the voltage 
phase diagram In Figure 5. This diagram HlustrBtaa 
the timing and phase relationship between the fir- 
ing patterns In Rgure B. The initial triggering of the 
SCR's which produces pulses 81 and 65 Is de- 
pleted by arrow 88 at the lnn©^most point of the 
SCR firing spiral along the radial line designated A 
B (corresponding to the same designation In Rgure 
B). It Is understood that the SCR's are triggered 
slightly later than the zero crossing, after a oonven- 
tlonai phase angle delay. After Oring the first and 
second pairs of SCR's 16 and 17. a delay occurs 
for 420 degrees of the voltage waveform In the A 
supply line until a time Indicated by the next arrow 
87 around the spiral At this point the first and third 
SCR pairs 16 and 16 are fired to produce a posl- 
tive current pulse 62 through the A supply line and 
a negative current pulse 68 through the C supply 
line as indicated by the designation A U . This 
pattern of delaying 420 degrees between SCR trig- 
gering continues to produce the bIx variations of 
current flow through the three-phase motor 10, as 
Indicated by Che six radial lines In Figure 5. 

Referring again to Figure 8, these 8CR trigger- 
ing patterns produce three effective cuffeni 
waveforms BBe^ b, and c through the motor win- 
dings 11. 12. and 13 respectively. The effective 
frequency of the resultant current Is one-seventh 
the frequency of the AC. supply voltage. The ap- 
plication of this fundamental frequency component 
of the AC. supply voltage frequency producee a 
further reduction In the speed of the motor until at 
time T2 (see Rgure 2), the motor 10 becomes 
synchronized with this fundamental frequency com- 
ponent 

Although the present invention is being de- 
scribed In terms of a technique which employs a 
ons-aeventh fundamental frequency component, 
other fundamental frequency components can be 
used. Such frequencies are determined by the ex- 
pression f/(6n-*-1) where f Is the frequency of the 
supply voltage and n Is a positive integer. In a 
technique which brings the motor lo a stop, the 1/7 
and 1/13 fundamantal frequency components are 
prefen-ed as lower frequencies drive the motor at 



too slow a speed for most practical applioatlons. In 
generating the 1/13 fractional frequency, the SCR's 
for B&ch supply Una are triggered In a pattern of 
four positive current pulsesi then not triggsred for 

0 two supply cycles, triggered for four nsgatlve cur- 
rent puiaea. and then another two cycle non- trig- 
gered Interval. This is a doubling of the patterns 
Illustrated in Figure 6. 

The portion of the motor speed reduction pro- 

10 gram shown on Figure 4B controls triggering the 
SCR pairs 18-18 to achieve the cycle-skipping by 
which a fundamental frsqusncy component is pro- 
duced. This portion of the software program com- 
mences at step 66. where the Input from the sec- 
ts end limit switch 64 Is tested to determine if the 
limit switch Is closed, as occurs at lime Ta in the 
graph of Rgure 2. Obviously when this portion of 
the program Is first executed at time Ti , the sec- 
ond limit switch 64 will be open and the program 

90 will advance to step 67, where the program waits 
for a zero crossing of the voltage Vab across 
eupply lines A snd B. 

when this voltage crossing occurs, the micro- 
computer 21 enters a timed loop at step bb, which 

26 provides a phase angle delay between the zero 
crossing of the supply voltage Vab and the trigger- 
ing of the fiOR'e. Once this delay Interval has 
elapsed, a firat counter Is Incremented at step 89, 
and the resultant value Is tested at step 90 to 

so determine If It Is greater than 2, The first counter 
provides an Inhibiting mechanism for the portion of 
the program which tests to determine when the 
motor has synchronized to the fundamental fre- 
quency component (aa occurs at time Ta). The 

3S testing Is Inhibited for one cycle of the fundamental 
frequency component following the transition into 
the cycla-sklpping mode at time T) , ao that voltage 
transients In the back emf will not cause an enro- 
naous determination thai the motor has become 

40 synchronized to this fundamental frequency com- 
ponent. Therefore, for two voltage crossings of the 
fundamental frequency component applied to wind- 
ing 11 of the motor (two paBses through the pro- 
gram loop on Figure 4B), this motor synchroniza-- 
tlon detection la Inhibited, and the program execu- 
tion edvanoee directly to step 85. 

At this time, the SCR's for supply lines A and 
B. SCR's 18 and 17, are triggered at step 95 by 
the microcomputer leeuing output pulses on lines 

60 28 and 27. This producea the cun'ent puiaea 61 
and 66 depicted on Figure 6, which result in a 
positive current flow through the first winding 1 1 of 
the motor and a negative current flow through the 
sscond winding 12. Thus cun'ent lab flows through 

96 the motor 10 (Figure 1). 

/Nfter the SCR*s for the supply lines A and B 
have been triggered, the mlorooomputer 21 waits 
for two aero crossings of the supply voltage Vab. 
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This pause at stsp 96 provides b delay of 360 
degrees of that supply voltage. This delay period Is 
provided by the microcomputer 21, sensing the two 
Input lines ftotn the AB zero crossing detector 22. 
After the eecond 2ero voltage crossing, the micro* 
computer 21 awalte a zero crossing signal provided 
by the AC zero crossing detector 24 for supply 
voltage Vac at step 97. As noted previously, ^ts 
zero crossing occurs 420 electrical degrees from 
the zero croesfng which pnaduced the triggering of 
the previous SCR pairs IS and 17. Upon detection 
of the zero crossing In the voltage Vac, the micro- 
computer times ihB phase delay at step 98 before 
triggering SCR pairs 16 and 18 for supply llnea A 
and C at step 68^ This triggering of the first end 
third SCR pairs 16 and 16 produces the current 
pulses 82 and 89 Illustrated In Figure a. which 
cause a positive current to flow through the first 
winding 11 of the motor and a negative cun^ent to 
flow through its third winding 13» as designated by 
the legend A U . 

The program execution then waits for two more 
zero croasings of tha voltage Vac across supply 
lines A end C to provide another 360 degree delay. 
After this delay at step lOd the program advances 
to step 102. where the microcomputer 21 begins 
sensing the output from the BC zero crossing de- 
tector 23 to determine when the next zero crossing 
occura in the supply voltage Vbc. Upon the occur- 
rence of that zero crossing, the microoomputer 21 
times the phase delay at etep 104 before triggering 
the GCR'e for supply llnee B and C. SCR pairs 17 
and 18 at step 108. After firing these SCR's, the 
program theni waits for two oorvsscutlve zero cross- 
ings of the voltage Vbc across supply llnea B and 
C at step 108 before returning to etep 88 to repeat 
the process. 

Each pass through the motor control program 
loop on Figure 48 triggers the SCR pairs 19^10 to 
produce one half-cycle of the fundamental frequen- 
cy component 88a, b, and c at each motor termlnai 
41 , 42 and 43. On the subsequent pass through the 
program loop, the opposite polarity half-cycle of 
the fundamental frequency Is generated. 

Ae noted above, during the first two paaaes 
through the loop of the motor control program 
fiowcharted on Figure 4B. the program execution 
advances directly from step 90 to step 85 bypass- 
ing the portion which detects when the motor be- 
comes synchronized to the fundamental frequency 
component at time Tg. After the first cycle of this 
fundamental frequency has been generated, the 
first counter will have a value greater than two. 
Thereafter. Just prior to triggering the SCR's In 
module 14 to produce the first of the pair of posi* 
tlve or negative^ current pulses In the A supply line 
(e.g. pulses 61 ' and B5 ), a test Is made to deter* 
mine whether tha motor has become synchronUed 



to this lower frequency. This test Is accomplished 
by comparing the polarity of the supply line voltage 
Vab to the voltage induced In the first winding 11 
of the motor by the back emf when no supply 

5 current Is flowing through that winding. 

Therefore, when the first counter has a value 
greater than two. the program branches from step 
90 to step 92 to sense the input from the second 
voltage comparator 29, which Indicates the polarity 

70 of the back emf Induced In the first motor vending 
11. At the same time, the output from the AB zero 
crossing detector 22 Is examined to determine 
whether the polarity of the supply line voltage Vab 
Is positive or negative. As the motor 10 Is slowing 

IS in epeed from time Ti, (t Is In a regenerating mode 
with the speed being higher than the synchronous 
speed of the motor for the fundamental frequency 
component being applied to the motor. In this 
mode, the back emf voltage leada the applied 

so current by greater than 90 degrees, but less than 
180 degrees. Therefore, the beck emf voltage will 
be opposite In polarity to the polarity of the supply 
line voltage Vab as referenced to the neutral node 
19 of the motor 10. Prior to time Ta, these polarit- 

S6 les will not be the samei and a second counter la 
reset to zero at etep 83 before the program execu- 
tion advances to step 85 to continue the SCR 
triggering pattern. 

At time Ta on Figure 2, the motor 10 becomes 

30 synchronized to the fundamemal frequency compo- 
nent of the AC supply line frequency and the back 
emf voltage leads the current by lees than 90 
degrees, thereby having the eame polarity as the 
supply line voltage Vab at step 92« At this point. 

OS the program execution branches to step 1i0, where 
the second counter ie Incremented and than tested 
at step 112 to determine If the count Is greater than 
two. The second counter provides another delay of 
one cycle of the fundamental frequency component 

40 before reaching a determination that the motor has 
become synchronized with that lower frequency. 
Thie delay prevents a transient voltage from pro- 
ducing a false determination that tha motor ia syn- 
chronized. If the back emf and supply line voltage 

4S polarities remain th© same for one cycle of the 
fundamental frequency component, the program 
will branch to step 114 where the triggering pattern 
Is altered by changing the phase angle delay. For 
example, if leas torque Is required to drive the 

ED motor 10 at a constant speed than was required to 
pnoduce the speed reduction between times T\ and 
Ta« ^e phase angle delay Is increased to produce 
a lower positive torque In the motor. Alternatively, 
Instead of changing the triggering phase angle, the 

SB controller can alter the cycle skipping to ehlft to an 
even slower speed by generating a lower fun- 
damental frequency component, 

The program continues looping through the 
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portion depicted on Figure 4B until the ssoond limit 
switch closes at time Ta. In the previously de- 
scribed example, the second limit switch 54 cloase 
when tho workpieoe Is relatlvel/ olosa to Its desired 
position with respect to the next work station on the 
assembly line. The closure of the second limit 
switch Is detected at step 68, and the execution of 
the progrm by mioroprooeesor 21 branches to the 
section Illustrated on Figure 4C. At this point, an- 
other dynamic braking routine Is Initiated to send 
current through the first and second windings 11 
and 12 of the motor during conaecutivs positive or 
negative hBlf-cyclse of the A.C. voltage across sup- 
ply lines A and Bi as depleted by waveform Hi In 
Rgure 3. At this point In time, the motor has 
slowed slgnlflcantly so that euch application of 
electricity will rapidly reduce the speed the the 
motor to a stop. 

As indicated on Figure 4C, this process Is 
carried for s predefined Interval, which Is estab- 
lished by setting a timer within the mlcro^mputer 
21 at step 120. Then« the program walta et step 
121 for a zero crossing of the voltage Vab across 
the A and B supply lines. Upon detection of that 
crossing, the microcomputer pauses for a phase 
angle delay at step 122 before triggering 8CR pairs 
16 and 17 for the A and B supply lines. The 
program then waits at step 124 for the next zero 
crossing, which occurs when the voltage Vab goes 
through the opposite half-cycle to the one during 
which the SCR's are being triggered. The timer 1^ 
then QKamlned at step 125 to datermlns If It has 
reached zero. If ^e time has not elapsed, the 
program execution returns to step 121 to again fire 
the SCR's to produce a continuous dynamic brak- 
ing function. Eventually, the predefined time inter- 
val for this continuous braking mode will be 
reached, and the timer will have a zero value at 
step 125. causing the program execution to end* 
Instead of carrying out the second dynamic braking 
mode for a timed interval, a mechanism can be 
provided <o detect when the motor has etopped 
and terminate the braking. 



ClBlma 

1. An apparatus for controlling the speed of a 
three-phase electric motor which is supplied by a 
Bource of alternating electricity, the voltage of 
which has a frequency t, said apparatus compris- 
ing; 

first means for sensing tho polarity of the voltage 

from the source of alternating electricity: 

second means for sensing the polarity of back emf 

voltage Induced in a winding of the motor; 

means for detecting when the speed of the motor 

Is below a predetermined level; 



first means for applying electricity from the source 
to the motor In responee to the speed of the motor 
being above the predetermined level and to the 
polarity of the voltage from the source being op- 

6 posite to the polarity of the sensed back emf 
voltage, the application of electricity to the motor 
producing .a reduction in motor speed; and 
second means for applying electricity from the 
source to the motor In response to the speed of the 

10 motor being below the predetermined level, the 
application of electricity being fn the form of a 
periodic pattern of current pulses which produce en 
effective alternating current through each winding 
of the motor at a fundamental frequency compo- 

1B nent of tho source voltage frequency, which is 
equal to f/(en + 1) where n la a positive Integer. 

2. The apparatus as recited in claim l wherein eaid 
means for detecting when the speed of the motor 
Is below a predetermined level comprises means 

20 for producing an Indicia of when said first means 
applies electricity to the motor at least once during 
a given number of cyclee of the source voltage. 

3. The apparatus as recited In claim 1 further 
comprising: 

ss means for disabling said seoond means for apply- 
ing electricity; and 

third means for applying electricity from the source 
to tho motor during alternate haJf-cycIea of th© 
voltage from the source following the disabling of 
so said second means for applying electricity* 

4. The apparatus as recited in claim 3 further 
comprising means for disabling said third means 
for applying electricity after e given Interval of time 
has elapsed. 

9$ 5. The apparatus as recited In claim l further 
comprising: 

means for producing an indicia of both the sensed 
back emf voltage and tine sensed voltage from the 
source having the same polarity when said second 
40 means applies electricity to the motor; and 

wherein said second means for applying electricity 
responds to the indicia by altering the periodic 
pattern of current pulses. 

a. The apparatus as recited In claim 5 wherein said 
46 second means for applying electricity alters the 
periodic pattern of current pulses to produce an" 
other fundamental frequency component of the 
source voltage frequency. 

7. An apparatus for controlling the speed of en 
so electric motor which la supplied by a three-phase 
source of alternating electricity, the voltage of 
which has a frequency f, said apparatue comprls- 
ifigt 

three bidirectional ewitch means, each ooupiing 
ffs one of the phases of the source to a winding of the 

electric motor: 

a brake means for reducing the speed of the motor 
to 8 predetermined level; 
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first means for detsctlng when ths spesd of the 
motor i3 b^low ths predstermlned level; and 
first means for activating said ewUch means to 
apply electricity from the source to the motor In 
response to the speed of the motor being below 
the predetermined level* the activation producing a 
periodic pattern of cunrent pulees which produce an 
effective altemating current through the motor at a 
fundamental troquency component of the source 
voltage frequency, which ie equal to f/(8n^1) 
where n Is a positive integer. 
6* The apparatus as recited In claim / further 
comprising; 

second means for detecting when the speed of the 
motor bBComefi synchronlaad to the fundamental 
frequency componant; and 
means for altering the periodic pattern of current 
pulses in reeponae to s&ld eaeond means for de- 
tecting. 

9. The appanstus as recited In claim 8 wherein said 
means for altering the periodic pattern of current 
pulses causes said first means for activating said 
switch means to produce another fundamental fro* 
qusncy component of the source voltage frequen- 
cy- 

10. The apparatus as recited in claim 8 wherein the 
periodic pattern of current pulses Is altered by 
changing a phase angle at which said switch 
msans are scttvated* 

11. The apparatus as recited In claim 7 further 

comprising; 

means for deactivating said ilret means for activat- 
ing ssid switch means: and 
second means for activating said switch means 
during alternate half-oyoleB of the voltage from the 
source when said first means fbr activating said 
switch means Is deactivated. 

12. The apparatus as recited in claim 11 further 
comprising msans for deactivatinQ said second 
means for activating said switch means after a 
given interval of time has elapsed. 

13. The apparatus as recited in claim 7 further 
comprising: 

msans for ssnsing the polarity of the voltage from 
the source: 

means for sensing the polarity of back emf voltage 
induced In a winding of the motor; and 
wherein said brake means Includes a third means 
for activating said switch means to apply eleotrlclty 
to the motor in response to the polarliy of the 
voltage from the source being opposite to the po- 
larity of the sensed back emf voltagsi the applica- 
tion of electricity to the motor producing a reduc- 
tion In motor spaed. 

14. The apparatus as recited In claim 13 further 
comprising 

means for producing en Indicia of both the sensed 
back emf voltage and the sensed voltage from the 



source having the seme polarity when said first 
means activates said switch means; and 
wherein said first means for actlvertlng said switch 
means rssponds to the Indicia by altering the perl- 
B odic pattern of current pulses. 

15. A method for controlling the speed of an eleo- 
trio motor which Is supplied by a source of aftemat- 
Ing electricity, the voltage of which has a frequency 
f, the method comprising the sbaps of: 

10 a) reducing the speed of the motor by applying 
electricity from the source to the motor in a 
manner which produces e negative torque; 
b} detecting when the speed of the motor .Is 
below a predefined level; and thereafter 

IB 0) tsrmlnatlng the step of reducing the speed of 
the motor; and 

d) applying electricity from the source to the 
motor in the form of a periodic pattern of current 
pulses which produces an elective alternating 

ao eurreni through the motor at an effective fre- 
quency equal to t/(6n+i}i where n is a poeHlvo 
Integer. 

16. The method as recited In clalmis further com- 
prising the steps of: 

ss e) discontinuing the application of a periodic 
pattern of current pulses upon the occurrence of 
a predefined events and thereafter 
f) applying electricity from the source to the 
motor during alternate hatf*cycles of the source 

so voltage until the motor has substantially atop- 
ped. 

17. The method as recited In dalm 15 further 
comprising the steps of: 

e) discontinuing the application of a periodic 
ss pattern of current pulses upon the occurrence of 

a predefined eventi and thereafter 

f) applying electricity from the source to the 
motor during alternate hal^cyclee of the source 
voltage for a given Interval of time. 

rfo 18. The method as recited in claim IS furtSier 
comprising the stepe of: 

e) during the application of a periodic pattern of 
current pulees. sensing when a back emf volt- 
age and the voltage from the source have the 

48 same polarity; and thereafter 

f) altering the periodic pattern of current pulses. 

18. The method as recited in claim 19 wherein the 
step of reducing the spaad of the motor Includes: 
sensing the polarity of the voltage from the source 

so of alternating electricity, 

sensing the polarity of back emf voltage Induced in 
the motor; and 

applying electricity from the source to the motor In 
response to the polarity of the voltage flrom the 
S6 source being opposite to the polarity of the sensed 
back emf voltage^ 
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